Abstract: Photocatalytic water oxidation by persulfate (Na 2 S 2 O 8 )with [Ru(bpy) 3 ] 2 + (bpy = 2,2'-bipyridine) as aphotocatalyst provides as tandard protocol to study the catalytic reactivity of water oxidation catalysts. 
Introduction
One of the most important challenges that we are facing in the 21st century is definitely the development of artificial photosynthesist op rovide as ustainable energy supply using solar energy. Photosynthesis is the process to take four electrons and four protons from water,w hich requires solar energy. [24] [25] [26] [27] Ad eeper understanding of the structure and function of the 'natural' photosynthetic process provides as ource of insight and inspiration for discovering how solar energy can be stored in ac hemical bond as al ow-mass, high-energyc arrier fuel. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] Artificialp hotosynthesisc onsists of several processes composed of light-harvesting, charge-separation, and water oxidation and reduction processes, mimicking natural photosynthesis. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] The mostc hallenging part among those processes is to develope fficient catalysts for water oxidation like the oxygenevolvingc omplex (OEC) in photosystem II. [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [Ru(bpy) 3 ] 3 + (bpy = 2,2'-bipyridine) has been frequently used as an oxidant for water oxidation to study the catalytic reactivity,i ncluding photodriven catalytic water oxidation because of its ability to react as ap ure one-electron oxidant, the wide range of reductionp otentials accessible through ring substitution, pH-independent potentials, high quantum yield of photogeneration,a nd characteristica bsorption spectra of both [Ru(bpy) 3 ] 3 + and [Ru(bpy) 3 ] 2 + ,w hich allow the water oxidation reaction to be easily monitored by using aU V/Vis spectrophotometer. [39, 40] 3 ] 3 + in the presence of water oxidation catalysts,t he photocatalytic water oxidation with persulfate provides as tandard protocol to study the catalytic reactivity of water oxidation catalysts.
The scope of the current review is to comprehensively compare the catalytic reactivity of water oxidation catalysts in the photocatalytic water oxidation by persulfateu sing [Ru(bpy) 3 ] 2 + as ap hotocatalyst.F irst, the catalytic reactivities and mechanisms of metal complexes acting as homogeneous catalysts in water oxidationr eactions are compareda nd discussed. Then, the conversion of homogeneous catalysts to metal oxide nanoparticles duringt he water oxidationi sd iscussed to clarify the actual heterogeneous catalysts produced from the precursor metal complexes in homogeneous solution.F inally,t he catalytic activity of various metal oxide nanoparticles is compared in the [Ru(bpy) 3 ] 2 + -photocatalyzed water oxidationb yp ersulfate to develop the most efficient water oxidationcatalyst affording 100 %y ield of O 2 .
Homogeneous Catalysts
Extensive efforts have been devoted to develop homogeneous water oxidationc atalysts (WOCs) in the photocatalytic water oxidation by persulfatea sa no xidantw ith [Ru(bpy) 3 ] 2 + as ap hotocatalyst. The turnover numbers (TONs) and the yields of O 2 are summarized in Table 1 . Molecular polyoxometalates (POMs) have been developeda se fficient WOCs because inorganic ligands of POMs are hardly oxidized during the water oxidation. [67] [68] [69] An iron-based POM, [Fe 11 (H 2 O) 14 2 + *b yp ersulfate (Scheme1)c an oxidize water by the catalysis of aW OC (Scheme 2).
The initial reaction rate of 7.9 mmol min À1 (the oxygen evolution rate in the first 60 so fl ight illumination) andT OF initial (TON 1min/60 s) of 6.3 s À1 in the photocatalytic oxidation with the Fe-POM are the largesta mong the data in Table 1 .
[41] The [41] Isotope-labeling water oxidation experiments using 18 O-enriched water instead of H 2 16 O demonstrated that the evolved oxygen comesf rom water-derived oxygen atoms. [41] In catalytic water oxidation, homogeneous metal complexes are often claimed as precatalysts,w hich decompose under oxidizing conditions to insoluble metal oxides that are the real catalysts as discussed in the next section. Dynamic light scattering (DLS) measurements indicate that no nanoparticles are produced during the photocatalytic water oxidation with the POM, which remains as as oluble homogeneous catalyst. [41] Inspired by the {CaMn 4 O 5 }o xygen-evolving complex of photosystem II where Ca 2 + plays the essential role, [70, 71] (Table 1) . [42, 43] The catalytic mechanism was reported for the water oxidation by cerica mmonium nitrate (CAN), (NH 4 ) 2 [72] It has been proposed that the Ru V = Os peciesw as produced by the two-electron oxidation of the Ru III complex with two equivalents of CAN (Scheme 3). [72] The formationo ft he Ru V = Oc omplex was indeed detected by EPR and resonance Raman spectroscopy. [72] Ak inetic study suggested that the rate-determining step (r.d.s.) is the nucleophlic attack of H 2 Ot ot he Ru V = Oc omplex to produce the Ru III OOH complex, which is the OÀOb ond formation step, where the reverse OÀOb ond cleavage process is in competition with the follow-up two-electron oxidation processes to generate O 2 (Scheme 3). [72] Virtually,t he same mechanism,a ss hown in Scheme 4, was proposed for the photocatalytic water oxidation by persulfate using aw ater-soluble cobalt porphyrin (CoFPS), which possesses fluorine groups at the 2-and 6-positions of the meso-aryl rings of the porphyrin (Scheme 4). CoFPS exhibited significantly improved stabilityw ith ah igh TON (570) as compared with non-fluorinated Co porphyrin (CoTPPS:T ON = 122). [56] The increaseds tability resultsf rom resistance of CoFPS against singlet oxygen, the formation of which wasm onitored in situ by using 9,10-diphenylanthracenea sachemical probe. [57] DLS indicatedt hat CoFPS remained homogeneous during the water oxidation catalysis. [57] In the case of the photocatalytic oxidation, two equivalents of [Ru(bpy) 3 ] 3 + produced by the oxida- 
[g] spy = 2,2':6',2'': 3 + to produce O 2 and regenerate Co III FPS (Scheme 4). The nucleophilic attack of water to high-valent cobalt-oxos pecies has also been proposed for electrocatalytic water oxidation with Co hangmanc orroles, [73] non-heme Co complexes, [74] and cationic Co porphyrins. [75] When aR u III -aqua complex,R u( . The radical coupling process may be the rate-determining step in the catalytic water oxidation with CAN because the rate of water oxidation was proportional to the square of the concentration of Ru III -OH 2 . [76] The formation of the radicals uperoxo intermediate [Ru
IV -O-O-Ru
IV ]C 3 + was indicatedi nt he electrochemical experiments and supported by DFT calculations. [76] However,t he direct detection of the intermediates has yet to be made. [Ru(bda)(6-fluoroisoquinoline) 2 ] showeda ne xtremelyh ighc atalytic activity with aT OF of 1000 s
À1
,w hereas [Ru(bda)(6-bromophthalazine) 2 ]e xhibited ah igh TON (~100 000). [76] Al arge TON (5300) was obtained in the photocatalytic water oxidation by persulfate with ar uthenium tris(bipyridyl)-type dye (RuPS) and ap yrazolate-based dinuclearr uthenium water oxidation catalyst, {[Ru
À ,a tp H7.0 (Table 1) . [65, 77] Them echanism of OÀOb ond formation (nucleophilic attack of water in Schemes 3a nd 4v ersus radicalc oupling in Scheme5)i nt he catalytic water oxidation can be controlledb yt he relative positiono ft he Ru-O units, in addition to the electronic effects exerted by the auxiliary ligands. [13, [78] [79] [80] Ar adical coupling mechanism was also proposed for the OÀ Ob ond formation in the photocatalytic water oxidation by persulfate with [Ru(bpy) 3 ] 2 + and CoTPPS, as showni n Scheme 6. [56] The observation of as econd-order dependence of the rate on the concentration of CoTPPS in the photocatalytic water oxidation by persulfate indicates that the radical couplingo ftwo Co-oxyl radicals is the rate-determining step in Scheme6. [56] The change in the OÀOb ond formation mechanism from the nucleophilic attack of water to the Co V (O) species (or Co IV (O) porphyrin radical cation) of CoFPSi nS cheme 4 to the radicalc oupling of the Co IV (O) species of CoTPPS in Scheme 6w as suggested on the basis of the observation of al ess steric effect in CoTPPS relative to CoFPS owing to the shift of the sulfate groups from the 3-to the 4-positions on the aryl rings for the bimolecular radical coupling reaction. [57] The calculated Mulliken spin densitiesa tt he oxo ligand for the formally Co V complexes showt hat CoFPS has more radical character on the oxyl oxygen (spin = 1.42) than CoTPPS does (spin = 1.09), thus suggesting that CoFPS may be more efficient at bimolecular radicalc oupling. [57] However,t he electronic effect seems to be lessi mportant in the catalytic water oxidation with cobalt porphyrins. Any intermediates in Scheme 6 have yet to be detected or identified.
Scheme5.Catalytic cycle for water oxidation by CAN with aR u III -aqua com- ( Table 1) without forming catalytically active Cooxide (CoO x )n anoparticles. [66] The pH dependenceo ft he catalytic activity indicates that the active species of water oxidation is as pecies (2)d erived from the two-electron PCET oxidation of 1 and that the PCET formation of 2 is the rate-determining step of the water oxidation, as shown in Scheme 7.
[66] The DFT calculations suggest that the most stable state of 2 is the triplet state of the bis-m-oxyl Co
4 + ,r ather than ab is-m-oxo-Co IV dinuclearc omplex. [66] The bis-m-oxyl-Co III 2 complex in the singlet state is thermally accessible on the basis of the result,s uggesting that the singlet species is only 0.5 kcal mol À1 highert han the triplet state, being converted thermally to ap utative m:h 2 ,h 2 -peroxoCo III dinuclear complex, the energy of which is only by 0.7 kcal mol À1 higher than that of the singlet bis-m-oxyl-Co III 2 complex. [66] Based on isotope-labeling experiments,t he OÀOb ond formation has been proposed to occur via intramolecular radical coupling between the two oxyl ligands locating diagonally in the singlet Co . [66] The complex 3 is further oxidized to evolve O 2 , accompanied by regeneration of 1 (Scheme 7). [66] 3. Heterogeneous Catalysts Derived from Molecular Precatalysts
As mentioned above,d etermination of the true catalyst for the water oxidation to dioxygenh as become an important issue because extra caution needs to be taken to clarify whether nanoparticles are produced from the homogeneous metal complexes throughout the oxidation reactions, acting as the actualc atalysts or not. [81] [82] [83] [84] [85] [86] [87] [88] [89] [90] [91] [92] [93] Water-soluble cobalt complexes (Figure 1a-d 2 + (1st run) because the oxidation of the organic ligandsp roceeded prior to water oxidation to produce CO 2 rather than O 2 . [94] Particles formed at the 1st run were separated from the reactions olution by centrifugation, washed successively with water and ethanol, and dried in vacuo at room temperature. [94] When the particles( 0.12 mg) were employed as ac atalyst at the 2nd run, efficient O 2 evolution (~60 %y ield) was observed. [94] Robustness of the nanoparticles was confirmed by collecting them after each catalytic cyclea nd by re-using them in as ubsequent catalytic cycle. Actually,asignificant amount of O 2 evolution could be observed even in the 3rd cycle. [94] Thus, the actual catalyst for the photocatalytic water oxidation was the particles derived from [Co II (Me 6 tren)(OH 2 )] 2 + . [94] The nanoparticle formation was confirmed by DLS measurements, which indicate that the aver- age size of nanoparticles is 15-60 nm. [94] Transmission electron microscopy (TEM) images of the particles derived from [Co II (Me 6 tren)(OH 2 )] 2 + are displayed in Figure 2a and 2b. [94] The size of particles ranged from 10 to 50 nm, whicha greesw ith the range of particles size determined by DLS (15-60 nm). [94] Similar nanoparticles weref ormed from [Co III (Cp*)(bpy)(OH 2 )] 2 + (Figure 2c and 2d)a nd Co(NO 3 ) 2 (Figure 2e and 2f) . [94] The high magnification image in Figure 2b indicates that smaller particles in the size of few nanometers werea lso formed, indi- and acobalt complex precatalyst. [f] 12-TMC = 1,4,7,10-tetramethyl-1,4,7,10-tetraazacyclododecane.
[g] 13-TMC = 1,4,7,10-tetramethyl-1,4,7,10-tetraazacyclotridecane.
[h] Salen = N,N'-bis(salicylidene)ethylenediamine.
[i]mcp = N,N'-dimethyl-N,N'-bis(2-pyridylmethyl)cyclohexane-1,2-diamine.
[j] tpy = 2,2':6',2''-terpyridine.
[k] cyclen = 1,4,7,10-tetraazacyclodecane. 
[ r] L 5 = meso-2,3,7,11,12-pentamethyl-3,7,11,17-tetra-azabicyclo[11.3.1]heptadeca-1(17),13,15-triene.
[s] L 6 = 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane. cating that the particles observed in Figure 2a are secondary particles. [94] X-ray photoelectron spectroscopy (XPS) spectrao ft he nanoparticles derived from [Co II (Me 6 tren)(OH 2 )] 2 + exhibited Co 2p 1/2 and Co 2p 3/2 peaks at 780.0 eV and 795.3 eV,r espectively,w ith weak satellite peaks. [94] Co 3 O 4 also showedt wo intense peaks at 779.8 eV for Co 2p 1/2 and at 795.1 eV for Co 2p 3/2 with weak satellite peaks. [94] Slightly intense satellite peaks observed with the nanoparticles were ascribed to the higherr atio of Co II species before the photocatalytic water oxidation.
[94] The O1 s peak of the nanoparticles appeared at 531.5 eV,w hichi si n ah igherb inding energy region compared with the O1 sp eak of Co 3 O 4 (530.3 eV) by 1.2 eV. [94] An increase in the binding energy of the O1sp eak of the nanoparticles suggests the existence of metal hydroxide species. [94] Thus, the surface of the nanoparticles derivedf rom [Co II (Me 6 tren)(OH 2 )] 2 + under the photocatalytic water oxidation is mainly composed of Co(OH) x , which acts as the actual reactive catalyst for the photocatalytic water oxidation. [94] The organicl igandsw ere oxidized to CO 2 during the photocatalytic water oxidation, but the carbonaceous residues maya ct as am odifier or capping agento ft he speciesc ompared with the authentic Co 3 2 + exclusively contained Co II nanoparticles to avoid the further aggregationt om aintain the catalytic reactivity. [94] AC o II (salen) complex (salen = N,N'-bis(salicylidene)-ethylenediamine)a lso acts as ah ighly efficient water oxidation precatalyst in the photocatalytic oxidation of water by persulfatew ith [Ru(bpy) 3 ] 2 + as ap hotocatalyst, affordingaTON of 854 at pH 9.0 (Table 2) . [95] Based on the electrospray ionization mass spectrum( ESI-MS), 1 HNMR and XPS analyses, the precipitates derived from Co II (salen) during the photocatalytic water oxidation are composed of am ixture of Co III containing oxide and/ or Co III hydroxide. [95] Cobalt-salen complexes were also reported to serve as precursors to deposit nanostructured amorphous catalyst films for catalytic water oxidation with high activity. [96] Various iron complexes and Fe(ClO 4 ) 3 also act as precatalysts for the photocatalytic water oxidation by persulfate with [Ru(bpy) 3 ] 2 + at pH 8.5 to produce nanoparticles (Table 2) , which were isolated and found to be Fe 2 O 3 using various techniques, including energy-dispersive X-ray spectroscopy and XPS. [97] a-Fe 2 O 3 nanoparticles prepared with ad iameter of 15-70 nm exhibited as imilarc atalytic reactivity with aT ON of 58 compared to Fe(ClO 4 ) 3 used as ap recatalyst, which gave aT ON of 57. [97] In the case of Fe(BQEN)(OTf) 2 used as ap recatalyst, nanoparticles isolated after the light-drivenw ater oxidation by persulfate at the initial pH 9.0 were found to be iron hydroxides by XPS measurements. [98] under acidic conditions. [98] Simple cobalt salts are reported to act as homogeneous catalysts for the photocatalytic water oxidation by persulfate under acidic conditions (pH 3.0), although the catalytic reactivity is much reduced as compared with that under basic conditions, where the catalytically more active nanoparticles are produced. [99] An umber of Ni complexes and salts (see Table 2 ) were also converted to nanoparticles during the photocatalytic water oxidationb yp ersulfate pH 7-9 in borate buffer,w hich were found to be partially reduced b-NiOOH by scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy,X PS, X-ray diffraction (XRD),a nd IR spectroscopies. [100] [Ni(en) 3 ]Cl 2 (en = 1,2-diaminoethane) was also reported to serve as ap recursort od eposit nanostructured amorphous nickel oxide (NiO x ), which acts as water oxidation catalysts with high catalytic activity in a0.10 m borate buffers olution (pH 9.2). [101] In contrast to iron complexes whicha ct as homogeneous catalysts for water oxidation by CAN under acidic conditions (see above), iridium complexes[ Ir III (Cp*)(4,4'-R 2 -2,2'-bipyridine) (H 2 O)]
2 + (R = OH, OMe, Me or COOH) are converted to nanoparticles during the water oxidation by CAN. [80] The nanoparticles were composed of iridium hydroxide with as mall amount of carbonaceous residue based on TG/DTAa nd XPS measurements of nanoparticles produced after the water oxidation. [80] The iridium hydroxide nanoparticles act as an excellent catalyst for the water oxidation by CAN with ah igh TOF (0.75 s
)a nd ah igh TON (> 1500). [80] Aw ater- [102, 103] The time course of the photocatalytic production of H 2 in Figure 3 , where an induction period is observed in particular at 278 K. [102] The rate of formation of H 2 O 2 increasedr apidly after the induction period. [102] Such as igmoidal behavior in the initial stage of H 2 O 2 productionw ith [Ir(Cp*)(H 2 O) 3 ]
2 + (red in Figure 3 ) indicates that [Ir(Cp*)(H 2 O) 3 ] 2 + acts as ap recatalyst to produce catalytically more active nanoparticles during the photocatalytic production of H 2 O 2 .
[102] The initial rate of H 2 O 2 productioni ncreases with increasingt emperature, but the maximum H 2 O 2 concentration decreased because of the enhanced decomposition of H 2 O 2 ( Figure 3) . [102] The formation of nanoparticles wasc onfirmed by DLS measurements. The size of nanoparticles formed after 12 hp hotoirradiation at 278 Kw as 21 nm, whereas the size increased to 240 nm after 36 hp hotoirradiation. [102] Large-sized particles (450 nm) were obtained after 12 hp hotoirradiation at 333 K. [102] Thus, the size of the particles depends on the photoirradiation time and temperature. XPS measurements of the nanoparticles centrifugally recoveredf rom the reaction solution after the H 2 O 2 production reactioni ndicated that the formed nanoparticles werec omposed of Ir(OH) 3 as the case of water oxidation by CAN (see above). [80, 102] 
Heterogeneous Catalysts
Metal oxides, in the form of dispersed powders, have been extensively examined as heterogeneous WOCs in the photocatalytic water oxidation by persulfate with [Ru(bpy) 3 ] 2 + (Scheme 2). [104] [105] [106] [107] [108] [109] [110] [111] [112] [113] [114] [115] [116] [117] [118] [119] [120] [121] [122] The yields of O 2 and the activity in the catalytic water oxidation by persulfate with heterogeneous catalysts are listed in Table 3 . [106] [107] [108] [109] [110] [111] [112] [113] [114] [115] [116] [117] [118] [119] [120] [121] [122] The most efficient metal oxide catalysti sI rO 2 [110] which is much higher than that achieved with RuO 2 (27%) [109] and RuO 2 /Y-zeolite-based catalysts (31 %). [111] Theq uantum efficiency (twice of the quantum yield) was determined to be 11.3 %. [110] RuO 2 NPs have been recycled up to five times with minimal loss of activity. [110] (100 mm)a nd Sc 3 + (100 mm)ina nO 2 -saturated aqueous solution (3.0 mL) at 333 K(black triangles),3 13 K( blue diamonds), 293 K( green squares) and 278 K(red circles). Among earth-abundantm etal oxide WOCs, NiFe 2 O 4 exhibited the highest catalytic activity to afford 74 %y ield of O 2 , which is higher than those of cobalt oxides, iron oxides, and nickel oxides (Table 3) . [112] [113] [114] [115] NiFe 2 O 4 can be easily collected from the solution after the reaction because of its ferromagnetic properties. [112] The high O 2 yield with NiFe 2 O 4 was maintained even after the 10th run in 5h (Figure 4) . No significant change in either the powder X-ray diffraction (PXRD)p attern or the morphology of the NiFe 2 O 4 catalystw as observed after the water oxidation reaction. [112] Cyclic voltammetry studies of electrocatalytic water oxidation with NiFe 2 O 4 suggested that ah igh-valent nickel speciesm ay be the active species for the photocatalytic water oxidation. [112] The initial rate of H 2 O 2 production with NiFe 2 O 4 nanoparticles with diameters of 120 nm and 91 nm was accelerated 22 times and 33 times, respectively,a sc ompared to the as-prepared NiFe 2 O 4 with diameter of 1300 nm ( Figure 5) . [102] This increase in reactivity resultsf rom an increase in the surfacea rea with decreasing the diameter size. The linear relationship between the initial rates of H 2 O 2 production and the surface areas of NiFe 2 O 4 nanoparticles indicates that the reactivityo f each active site for water oxidation in the surface of NiFe 2 O 4 remains unchanged irrespectiveo ft he particle size. [102] In order to reuse the nanoparticles after H 2 2 + added to the startings uspension at each run was calculated in terms of the concentration increase of 200 mm.T he concentration of H 2 O 2 in the resulting suspension increased to be as high as 3.3 mm,e nsuring the high stability of the nanoparticles as WOCs (Figure 5b ). [102] CuFe 2 O 4 nanocrystals with cubic jacobsite structure also exhibited high catalytic activity in the photocatalytic water oxidation by persulfate with [Ru(bpy) 3 ] 2 + to afford 73 %O 2 yield (Table 3) . As in the case of NiFe 2 O 4 (see above), CuFe 2 O 4 can be easily separated from the reactions olutionb ym agnetic separation while maintaininge xcellent water oxidation activity in the fourth andfifth runs. [116] The catalytic activity of cobalt-con- (Table3) . [117] The catalysts with the perovskite structure exhibitedh igherc atalytic activity as compared with those of the spinel andw olframite structures. [117] Amongt hem, LaCoO 3 acts as the best catalyst to afford the highest O 2 yield (74 %). [117] Ni 2 + ion-dopedm anganese oxide (NiMnO 3 )also exhibited highcatalytic activity in the photocatalytic water oxidation by persulfate with [Ru(bpy) 3 ] 2 + to yield 52 %O 2 yield as compared with manganese oxides. [119, 120] Recently,c oordination polymers emerged as potentialc andidates,p ossessing both designable structures at the atomic level and robustness under harsh reactionc onditions. [122, 123] Heteropolynuclear cyanide complexes are the simplest class of coordination polymers. In general, heteropolynuclear cyanide complexes have ac ubic structure as far as the contained metal ions allow octahedral coordination. [124] Heteropolynuclearc yanide complexes can be easily modifieda sh eterogeneous catalysts suitable for water oxidation. [125] PowderX -ray diffraction patterns for the heteropolynuclear cyanidec omplexes with the Pt IV ion content ranging from 0t o 1( Figure6a) were assigned as ac ubic structure (Figure 6b) , which is often called as Prussian blue. The gradual decrease of the diffraction peaks in the 2q angle in accordance with the increase in the Pt IV ion contentr eflects the expansion of au nit cell resulting from the larger ionic radii of aP t IV ion (0.77 ) relative to that of aC o III ion (0.69 ). [126] The 6 ]a saW OC at the rate exceeded 10 nmol s
À1
,w hich is comparable to that reportedf or most active IrO 2 nanoparticles. [49, 125] Thus, the addition of Pt IV (CN) 6 2À units to cobalt cyanidec omplexes enhanced the catalytic activityf or water oxidation by increasing the oxidation potential of N-bound Co II ions acting as actives ites through electronic and structuralmodifications. [125] 
Conclusion
Homogeneous WOCs in the photocatalytic water oxidationb y persulfate (Na 2 S 2 O 8 )w ith [Ru(bpy) 3 ] 2 + provided valuable insights into the catalytic mechanisms, including intermediates such as metal-oxo and dinuclearm etal-peroxo complexes. Whether OÀOb ond formation occurs by the nucleophilic attack of water to metal-oxo species or radicalc oupling of metal-oxo species dependso nt he types of metals and ligands. Whether metal complexes remain homogeneous or whether they are convertedt oh eterogeneousn anoparticles is determined by the typeo fm etals, ligands and water oxidation conditions, in particular by pH. This Focus Review is hoped to facilitate the understanding of catalysis of homogeneous and heterogeneous WOCs and their combinationsi nw ater oxidation reactions. 
